CLINICAL and experimental studies have shown that cerebral edema following an acute stroke is at maximum within a few days and eventually subsides in ibout 3 weeks if the patient or the experimental animal survives the acute phase. 1 " 4 Results obtained by Little et al. 5 '
6 from morphological studies in brains of squirrel monkeys following surgical clipping of the middle cerebral irtery (MCA) have demonstrated a primary and a secondary phase in the evolution of ischemic cerebral ;dema. The initial phase begins shortly after arterial jcclusion, is characterized by mild swelling of the gray ind white matter, increases gradually in severity and asts from 3 to 6 hours. Thereafter, a secondary phase begins and is characterized by massive swelling, especially of the white matter. Rapid increases in severity of this edema reached its peak at 24 hours or longer. 6 In a previous communication we demonstrated that hemispheric swelling became apparent in the experimental side as early as 4 to 5 hours after onset of regional cerebral ischemia in the MCA territory in primates. 7 Obvious changes in gray matter water content and in tissue sodium and potassium concentrations were detected at this time. However, minimal increases in subcortical white matter water content was found without changes in electrolytes. 7 The present study was designed to extend our observations of ischemic brain tissue water content and in tissue sodium and potassium concentrations after much longer periods of MCA occlusion in macaques.
Methods
The left MCA of 10 adult primates (M. mulatto) (3 to 4 kg body weight) was occluded by a method of selective embolization described in detail in previous reports. 8 -9 One minor modification of the animal preparation was that the extracranial surgical procedure was performed under mild sedation (single i.m. dose of phencyclidine 0.25 mg per kg) and sterile conditions. Thereafter, plain skull radiographs were taken and the monkeys were returned to their cage for periodical clinical examination.
At the end of 12, 24 and 48 hours after embolization, samples of the brain tissue were obtained for determination of percentage dry weight, tissue sodium and potassium concentrations, and histopathology was determined from the affected and non-affected (opposite) hemispheres with similar technique previously described.
-
9~18 The edema in cerebral cortex, in putamen and in subcortical white matter samples was calculated in each animal by the formula originally described by Elliot and Jasper. 17 Results After the embolization procedure anatomical location of the radiopaque silicone spheres (Heyer-Schulte Corp., Santa Barbara, CA) was demonstrated by plain skull radiographs and confirmed at postmortem examination (table 1).
All 10 animals tolerated the embolization procedure without apparent difficulties or significant change in vital signs and vital functions (table 2). However, 3 developed Homer's pupil on the side of the carotid surgery.
The values correspond to 9 monkeys. (Monkey X is not included). 
Clinical and Morphological Observations
Contralateral motor weakness and ipsilateral conjugate eye deviation, developing shortly after macrosphere embolization, persisted in 9 of 10 monkeys throughout the entire 12, 24 and 48 hour observation periods. These animals also manifested alterations in the level of consciousness of variable degree (table 1) .
Grossly, these brains showed flattening of gyri with increased distances between sulci of the affected Sylvian cortex. Hemispheric swelling with marked midline shift was unmistakable on coronal sections ( fig. 1 ). Variable degrees of advanced ischemic necrosis were recognized in histological sections of both gray and white matter within the territory of the occluded MCA (table 1) . Hemorrhagic infarct was found in only one animal (Monkey VI) of the entire series.
Water and Electrolyte Content
Results presented in figures 2 and 3 show that 12 hours after MCA occlusion, swollen Sylvian cortex and putamen (9.3% to 37.7% tissue swelling) also exhibited increases in tissue sodium (up to 96% of control value) and decreases in potassium (down to 61% of control value). In the 24 hour experiments, changes in percentage of dry weight and electrolytes of ischemic Sylvian cortex were variable, but putamen edema was massive (38.7% to 58.9% tissue swelling) with large increases in tissue sodium (up to 133% of control value) while potassium was markedly decreased (down to 77% of control value). By 48 hours after MCA occlusion and despite evidence for the presence of infarction, partial reversal in the redistribution of water and electrolytes in both Sylvian cortex and putamen was observed.
In contrast to cerebral cortex and putamen, the percentage of tissue swelling in adjacent subcortical white matter showed a rapid upward trend 12 hours after MCA occlusion. Definite increases in tissue sodium (up to 45% of control value) with decreases in potassium (down to 32% of control value) were only seen by the end of 48 hours after MCA occlusion (figures 2 and 3).
Discussion
We have previously demonstrated that cerebral ischemia in primates following acute MCA occlusion MCA OCCLUSION TIME (HOURS) FIGURE produced by macrosphere embolization is sufficient to induce brain edema within the territory of the occluded MCA. 7 We also emphasized the importance of the gray matter edema as a major contributory factor for the development of hemispheric swelling during the early phase of MCA stroke. 7 This study provides evidence that cerebral cortical edema with large increases in sodium and decreases in potassium concentrations is maximal at 12 hours and similar edematous changes in putamen are at their peak 24 hours after MCA occlusion. These extensive chemical changes have been considered as indicative of cell death by several investigators. 19 ' 20 Indeed, advanced ischemic necrosis was found on histological sections of both Sylvian cortex and putamen from the experimental hemispheres of these monkeys.
The time course of edema in gray and white matter as reflected by the percent dry weight (average, S.D.). This is progressive in white matter but begins to recede in gray matter
Despite the presence of large infarction in all the monkey brains 48 hours after MCA occlusion, partial clearing of gray matter edema, in both deep subcortical structures and cortex, is clearly demonstrated by the end of this period. It is not clear what mechanism is involved in the resolution of ischemic edema, but it is possible that improvement in residual blood flow through collateral channels may contribute to some clearing of cortical edema fluid. However, it is more difficult to explain on this basis the reversible edematous changes in the putamen in which the collateral vascular supply is less extensive. It is worthy of mention that our percentage dry weight values of cortical samples from non-ischemic hemispheres (opposite side) of one 12 hour and of all the 48 hour monkeys after MCA occlusion were significantly lower (/* < 0.05) when compared against the percentage dry weight control value (19.73 ± 0.65) obtained from cortical samples of non-ischemic hemispheres of 14 monkeys that sustained from 2 to 5 hours of regional cerebral ischemia previously reported. 7 We failed to recognize definite significant histological or morphological change in these cortical samples with abnormal increases in water content, however, contralateral structural abnormalities have been recognized in another morphological study on squirrel monkey brains sacrificed 12 hours or longer after MCA clipping. 21 In contrast to findings on cerebral cortex and putamen, the delayed extensive chemical changes in subcortical white matter are similar to those seen in vasogenic edema. 22 - 23 This severe white matter edema associated with tissue necrosis of adjacent gray matter structures appears to be the main factor responsible for the hemispheric swelling recognized in all the monkeys surviving 48 hours after MCA occlusion.
The question remains as to whether ischemic cerebral edema, more pronounced than that induced by macrosphere embolic occlusion of the MCA alone in the primate, can be a major cause of death in the acute phase. In this respect, we call attention to Monkey X which died at 40 hours after embolization. In this animal, simultaneous occlusion of the anterior choroidal artery and MCA with resultant massive cerebral infarction extending beyond the territory of the MCA and ipsilateral uncal herniation was found on post mortem examination (table 1 and fig. 4 ). According to Symon et al., 24 when severe brain swelling was desired in their primate MCA clipping model, simultaneous occlusion of the anterior choroidal artery and MCA or terminal ICA and MCA was necessary. Therefore, it seems that we cannot overemphasize the importance of the involvement of the anterior choroidal artery in our primate MCA stroke model. In fact, occlusion of both of these arteries resulted in massive brain swelling associated with extensive cerebral infarction and was also a relatively early lethal combination. Further studies are proceeding on this point.
